Contributions to the gas-to-liquid chemical shifts of water arising from the electric field gradient of the surrounding molecules have been calculated as a function of the temperature. Since the theoretical model is based on perturbation theory, this part of the chemical shift may be calculated from quadrupole shielding polarizabilities and statistical mechanical ensemble averages of external electric field-gradients. The contributions from the electric field gradients are found to be substantial and are calculated to Ϫ9.7 ppm for the oxygen shift and 0.7 ppm for the proton shift at room temperature.
I. INTRODUCTION
It has been established that intermolecular interactions as well as the interaction of a molecule with an external magnetic field can be described by perturbation theory. [1] [2] [3] [4] Consequently, the calculation of chemical shifts in solutions may be partitioned into two parts:
͑i͒ Quantum chemical calculations of derivatives of nuclear shieldings with respect to external perturbations such as electric fields, electric field gradients and geometric distortions. Note that these calculations are carried out for the isolated molecule. ͑ii͒ Statistical mechanical ensemble averages of the magnitude of the perturbation, which may be obtained from molecular dynamics or Monte Carlo simulations of liquids and solutions. For obtaining accurate estimates of the electric field and its gradient, a proper description of the charge distribution of each molecule is required in the intermolecular potential.
The accuracy of the adopted intermolecular potential is thus crucial for modeling chemical shifts adequately. This has been demonstrated in the calculation of the gas-to-liquid oxygen shift of water by sampling water pentamers from molecular dynamics simulations of liquid water and calculating the shielding of the central water molecule. 5, 6 For different water potentials, oxygen shifts in the range of Ϫ47 to Ϫ20 ppm have been obtained, demonstrating how sensitive the oxygen shift is with respect to the simulation potential.
The construction of intermolecular potentials using perturbation theory has been implemented in the NEMO approach. [7] [8] [9] Here it is important to note that many empirical force fields fit the Coulombic term of the interaction potential to experimental data-a procedure which does not attempt to reproduce the molecular dipole and quadrupole moments. These potentials are therefore not suitable for calculating ensemble averages of electric fields and electric field gradients. The electrostatics of a NEMO potential is represented with atomic charges, dipole moments and polarizability tensors reproducing the corresponding molecular properties and the response to an external electric field. Along with shielding polarizabilities, the NEMO method thus presents a consistent approach to obtain the properties needed for calculating chemical shifts of large molecules in solution based on first principle methods.
A reasonable starting point in the investigation of solvent effects on nuclear shieldings is the consideration of the gas-to-liquid shift of the most common solvent, liquid water. This approach has previously enabled us to calculate the proton shift and its temperature dependence in quantitative agreement with experiment, 10 by regarding electric-field and van der Waals contributions as well as a contribution arising from the different geometries of the water molecule in the gas phase and in the liquid. The oxygen shift, however, was not as well described, which may be due to that higher order contributions were lacking. Here, the method is therefore extended to the inclusion of electric field-gradient contributions to the shift, because it has been argued that this effect may be substantial for carbon and oxygen shieldings. [11] [12] [13] Fieldgradient contributions should, however, be less substantial for the proton shielding since the electron structure at a hydrogen atom is mainly of s-character.
In the perturbation approach, the electrostatic part of the shift is expanded in terms of the properties describing the electrostatic interactions ͑using the Einstein summation convention͒ 3, 11 E,␣␤ ϭ ␣␤,␥ Ј E ␥ ϩ shielding polarizabilities have only been estimated for a few molecules. [11] [12] [13] 18 For the water molecule, only a rotationally averaged value of one of the components has been presented. 13 In our previous work, 10 we truncated the above series after the second term, thus calculating the electrostatic interaction term as
where brackets denote ensemble averages obtained from molecular dynamics simulations. We used the shielding ͑hyper͒-polarizabilities calculated by Rizzo et al. 17 Here, we also include the linear field-gradient term and the electrostatic term is thus given as
͑3͒
In addition to our previous work, 10 we thus also have to calculate the quadrupole shielding polarizabilities, ␣␤,␥␦ Ј , and the field gradient, ͗E ␥␦ ͘. The quadrupole shielding polarizabilities are determined from quantum chemical calculations of the shielding tensors of a single water molecule under the influence of point charges and dipoles. The procedure is described in section II. The simulations of the electric field-gradients are presented in section III and the chemical shifts are discussed in section IV. Finally, we conclude our work in section V.
II. CALCULATION OF QUADRUPOLE SHIELDING POLARIZABILITIES
The quadrupole shielding polarizabilites, ␣␤,␥␦ Ј , have been calculated from quantum chemical ab initio calculations. A component of the shielding tensor in a water molecule interacting with a set of charges, i, is the sum of the shielding tensor of water in vacuum, ␣␤ 0 , and a difference tensor, i.e.,
where the difference tensor, ⌬ ␣␤ i , in the usual perturbative fashion is given as
since we assume that the electrostatic interactions alone are responsible for the change in the shielding tensor. Here 19 since the parameters are not guaranteed to be linearly independent. By symmetry the number of required fits is reduced to 3 for both oxygen and hydrogen. The number of parameters in each fit is reduced to 7 and 9 for oxygen and hydrogen, respectively, also by symmetry.
When choosing the set of charge distributions we restrict ourselves to distributions resembling the charge distribution in liquid water, since our goal is to model ⌬ ␣␤ accurately for this particular charge distribution. We also ensure that the charge closest to the water molecule is negative in order to minimize charge transfer effects. Other applications of this point charge method can be found in, e.g., Refs. 12, 20, and 21.
We have estimated parameters for two different geometries; an experimental gas-phase geometry which is the one used in the NEMO potential ͑from now referred to as the NEMO-geometry͒ and a liquid phase geometry calculated theoretically by Moriarty and Karlström 22 in a combined quantum chemical and statistical mechanical approach ͑re-ferred to as the liquid geometry͒. The geometries are given in Table I . We have carried out calculations of the hydrogen and oxygen parameters for both geometries at the HartreeFock ͑HF͒ level. The oxygen parameters have also been calculated at the MCSCF level using a Complete Active Space Self-Consistent Field ͑CASSCF͒ method for the NEMOgeometry. The chosen CAS space is ͑6331͒. We have used the Dalton program 23 and the atomic natural orbital ͑ANO͒ basis sets by Widmark et al. 24 We have previously 10 examined the basis set convergence of nuclear shieldings of the water dimer at the HF level. From these calculations we conclude that the contracted basis set ANO͓5s4 p3d2 f /4s3 p2d͔ is sufficiently accurate. We also calculate the mean shielding polarizability tensors which are defined as
and the mean quadrupole shielding polarizability tensor,
where we have used the Einstein summation convention. The dipole shielding ͑hyper͒polarizabilities found by the point-charge method described above are given in Table II for oxygen. The parameters are given for both the NEMO and the liquid geometry at the HF level and for the NEMO geometry at the CAS level. Considering first the shielding polarizabilities, it is noted that the parameters obtained for the different geometries at the HF level are similar, and larger than the CAS values. This overestimation of the linear field effect at the HF level has also been observed elsewhere. 17 Although the HF parameters are similar, we note that the polarizabilities are larger for the NEMO geometry as compared to the liquid geometry, indicating a quite strong geometry dependence of the shielding polarizabilities, which has previously been noted by Rizzo et al. 17 When we consider the oxygen shielding hyperpolarizabilities, the picture is different. The deviations between the HF and the CAS numbers are smaller, but the differences are larger for parameters ␣␣,z,z Љ 17 whereas we bias our calculation towards electric field components that are important in liquid water. The electric field at the oxygen atom in liquid water is zero along the x and y axes by symmetry. Thus, mostly charge distributions consisting of point charges and dipoles along the z axis have been considered for calculating the oxygen parameters, and we therefore get a poorer description of parameters ␣␣,x,x Љ and ␣␣,y,y Љ . This will not affect the chemical shieldings since the corresponding squared field components ͗E x E x ͘ and ͗E y E y ͘ are almost zero in liquid water. 10 The quadrupole shielding parameters for oxygen are given in Table III . We again note some geometry dependence and the differences between the HF and the CAS numbers are comparable to the dipole shielding polarizability differences. We note that both C xx and C yy are increased while C zz is decreased while going from HF to CAS. In Ref. 13 the value of C zz is computed to 190.8 ppm/a.u. at the HartreeFock level which is in reasonable agreement with our values.
In Figure 1 we demonstrate the quality of the fit by showing the diagonal tensor elements of the difference tensor, ⌬ ␣␣ i , for calculations where the water molecule interacts with a point charge of Ϫ1 a.u. at (0,0,Ϫz), as a function of z, using the NEMO geometry at the HF level. In the calculations, the oxygen atom is placed at the origin and the hydrogen atoms are placed at (Ϯx,0,z). In this work we have neglected overlap effects. It is observed, that the intermolecular shielding function for the argon dimer ͓i.e., (r ArϪAr )] resembles the intermolecular potential, although with a minima at a much shorter interatomic separation than the potential minima. 25 For intermolecular separations close to ͑and less than͒ this shielding function minima, overlap effects are of course significant. The fact that the curves in Figure 1 do not contain any ''repulsive'' overlap contribution indicates that overlap effects are small, at least in the case of the interaction between water and a point charge. It is thus noted that we have included points where effects arising from placing the point charges within the charge distribution of the water molecule are negligible. The obtained shielding ͑hyper͒polarizabilities for hydrogen are given in Table IV . These parameters were calculated for the two geometries at the HF level. We note that the shielding polarizabilities are quite similar for the two geometries. The main difference is the change in A z when going from the NEMO to the liquid geometry.
When the shielding hyperpolarizabilities for the two geometries are compared, the parameters look very different; B xx is for example decreased by 50% when going from the NEMO to the liquid geometry. However, note that while B xx and B zz decrease when going from NEMO to liquid, B xz increase significantly ͑we do not take B yy into account, since ͗E y E y ͘ is close to zero in liquid water 10 ͒. It is thus difficult to determine whether the shielding hyperpolarizability contribution to the shift is altered by examining the parameters alone. It should also be noted that the three parameters ␣␣,x,x Љ , ␣␣,z,z Љ and ␣␣,x,z Љ are not independent. The hydrogen quadrupole shielding polarizabilities are given in Table V . These are very similar for the two geometries. We further note that C yy is small.
III. MOLECULAR DYNAMICS SIMULATIONS
The molecular dynamics simulations have been carried out with the MOLSIM program. 26 We have used the NEMO potential 7 with the extension to atomic dipole moments and atomic polarizability tensors. 27 The simulated system consists of 216 water molecules enclosed in a cubic box. In the calculation of the forces, periodic boundary conditions have been adopted with a spherical cut-off of 8.5 Å. The induced dipole moments have been calculated by a first-order predictor, but a full iterative solution has been carried out every fifth time step in order to avoid drifting. 28 The NVTensemble was employed by scaling the velocities to the appropriate temperature. 29 The equations of motion of the rigid molecules were integrated by using quaternions 30 and the velocity Verlet algorithm 31 using a timestep of 2.0 fs. We have carried out simulations of 110 ps including 10 ps of equilibration at four different temperatures ͑269, 300, 338 and 448 K͒ at experimental densities. The water molecule has been placed in the xz-plane with the z axis as the C 2 axis. We consider properties of the hydrogen atom situated at (ϩx,0,ϩz).
The ensemble averages of the electric fields at the oxygen and hydrogen atoms have been calculated previously, 10 and ensemble averages of the electric field gradient are given as a function of temperature in Tables VI and VII for oxygen and hydrogen. We only give the non-vanishing components.
It is noted that all components decrease with increasing temperature, as also noted for the electric fields. 10 Figure 2 shows the distribution of the oxygen field gradient as a function of temperature, and Figure 3 shows the same for hydrogen. The oxygen components may for the three lowest temperatures be fitted to Gaussian functions, but this is not the case for the hydrogen components. Especially the distribution of the xz component at 338 K is broad with a shape very different from a Gaussian distribution. The field gradient distribution is thus more complex than the field distribution, which can be described by Gaussian functions for the electric fields at both the oxygen and hydrogen nuclei.
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IV. CHEMICAL SHIFTS
For the electric field contribution to the oxygen shift ͑Table VIII͒, we note that when shifting the geometry from NEMO to liquid, it is lowered by about 1.5 ppm, which is mainly due to the change in the first order contribution. When going from the HF to the CAS level of accuracy, the total shift is lowered by about 4 ppm ͑the linear part is lowered by about 5 ppm͒. In comparison with our previous work, 10 the field effect is lowered with about 2 ppm for our most accurate value, NEMO/CAS. If the liquid geometry is applied, the shift is furthermore lowered by 1-2 ppm.
For hydrogen ͑Table IX͒, we find very similar results for the NEMO and the liquid geometry. The largest difference is about 0.2 ppm. This is to be expected from the good agreement of the dipole shielding polarizability parameters of hydrogen.
The electric field-gradient effects on the shieldings are given in Table X . It is about -10 ppm for the oxygen shift and about 0.7 ppm for the proton shift, and it is almost independent of geometry. For oxygen, the results obtained from CAS and HF calculations are also very much alike. It is also noted that its temperature dependence is substantial and opposes the temperature dependence of the linear electric field contribution. This contribution is thus large for oxygen and also significant for hydrogen.
The total gas-to-liquid shifts of water are given in Table  XI . The numbers are obtained from adding the field and the field-gradient effect calculated here to the van der Waals effect obtained in Ref. 10 . We use the NEMO/CAS numbers for oxygen and the NEMO/HF numbers for hydrogen. We note that the total oxygen shift is changed, compared to our previous work, 10 by about Ϫ12 ppm at room temperature of which about Ϫ10 ppm is the field-gradient effect and the rest originates from the geometry dependence of the dipole shielding ͑hyper͒polarizabilities. The inclusion of the fieldgradient effect on the oxygen shielding thus brings us substantially closer to the experimental value. 32 However, even if a pure ͑intramolecular͒ geometrical contribution of Ϫ10 to Ϫ5 ppm 10 is added, we are still about 20 ppm from the experimental value of Ϫ36 ppm at room temperature. 32 In contrast to our previous work, 10 we now describe the temperature dependence qualitatively correct, even though it is smaller than in the experiment. 32 may explain the difference with respect to experiment. 33 It is furthermore noted that the temperature dependence is qualitatively modelled, even though the temperature dependence is stronger in the experiment. 33 Effects arising from the change in molecular geometry on the nuclear shieldings of liquid water can be partioned into ͑at least͒ four parts: an intramolecular part, which has been discussed in our previous work, 10 a polarizability term arising from the geometry dependence of especially the dipole shielding polarizabilities, a term arising from the change in the electrostatics of the liquid when the geometry is changed and finally a contribution from the difference in the zero-point vibrational contribution. Neither of these four terms are formally included here. Our previous work 10 shows that the first term contributes down to Ϫ1.5 ppm to the hydrogen shift and Ϫ10 ppm to the oxygen shift. The results given here, indicate that the second term is negligible for the hydrogen shift and contributes about Ϫ2 ppm to the oxygen shift. Furthermore, zero-point vibrational contributions may be substantial, since the rovibrational contribution to the gas phase water shieldings is large 34 and the potential energy surfaces of water differ in the liquid and the gas phase. 22 Other effects that may be substantial for the oxygen shift are overlap effects 25, [35] [36] [37] [38] [39] and contributions from the magnetizability anisotropy of the surrounding molecules. 2 Magnetizability anisotropy effects should, however, affect the proton shielding to the same extent as the oxygen shielding.
V. CONCLUSIONS
We have calculated the contributions to the gas-to-liquid chemical shift of water arising from the intermolecular field gradient in addition to the electric field effect. This contribution is large for the oxygen shift and cannot be neglected for the proton shift. The oxygen shielding is shifted 10 ppm towards the experiment, 32 whereas the proton shielding is shifted about 0.7 ppm. The proton shifts are still in good agreement with experiment. 33 For the oxygen shift, the discrepancies between theory and experiment are still substantial, even if this work presents a considerable improvement. 
